The population dynamics and reproduction of the land crab Epigrapsus notatus were studied at Hengchun Peninsula, Taiwan. Epigrapsus is the most poorly known genus of the land crab family Gecarcinidae, and differs from other gecarcinids in its much smaller size. Epigrapsus notatus leads a cryptic life and is seldom observed outside its burrow in the coastal forest. The only time it is commonly observed is when ovigerous females migrate to the shore to release larvae. The reproductive season of E. notatus is limited to two lunar months in September and October, a relative short time in comparison with other gecarcinid crabs. Ovigerous females begin releasing larvae 3-4 d after the full moon, for 3-7 d. Larval releases occur for about a 3-h period during and immediately after high tide. Ovigerous females shake their entire body to release larvae, a unique behavior not previously documented in brachyurans. Ovigerous females prefer to release larvae inside surge channels rather than on the exposed shore. The unusual larval release behavior and choice of surge channels as release sites are suggested as adaptations to life on land, to reduce the chances of being swept away by waves.
Many brachyuran species live on land, especially in tropical and subtropical areas. Terrestrial crabs derived from freshwater crabs (Potamoidea) tend to have direct development, where the larval stage is passed within the eggs and the young are hatched as juvenile crabs (Bliss, 1968) . However, other land crabs have retained the aquatic larval development of their marine ancestors; they release their brood into sea water, where the larvae develop through several zoeal stages, and come ashore as megalopa or first crab stages (Wolcott, 1988) . Land crabs have colonized many tropical islands, where they often thrive, occurring at great population densities (Bliss et al., 1978; Green, 1997) . Because of their abundance, land crabs have large and multiple ecological effects on small islands (Alexander, 1979) , and can even occupy the top of the energy pyramid (Burggren and McMahon, 1988) .
The robust, heavy-shelled gecarcinid crabs, such as Cardisoma, Gecarcinus, and Gecarcoidea, are often the subjects when the term ''land crab'' is used without modifiers (Hartnoll, 1988) . These crabs are medium-to large-sized, with a large Cardisoma reaching 120 mm in carapace width (Bliss, 1968) . The Gecarcinidae currently consists of 20 species and have been recognized under four (Hartnoll, 1988) to six genera (Ng and Guinot, 2001) . Although all Gecarcinidae species show distinct terrestrial adaptations, their eggs have to be hatched in the sea, where the larvae undergo normal planktonic development (Hartnoll, 1988) . The mass migration of ovigerous females to the ocean for larval release has been reported for many gecarcinid species, including Cardisoma guanhumi Latreille, 1825 (see Henning, 1975) ; Cardisoma hirtipes Dana, 1851 (see Shokita, 1971) ; Gecarcinus lateralis (Freminville, 1835) (see Bliss et al., 1978) ; and Gecarcoidea natalis (Pocock, 1888) (see Hicks, 1985; Adamczewska and Morris, 2001) . The breeding migration is highly synchronized with lunar and seasonal cycles, and thus easily predictable (Johnson, 1965; Shokita, 1971; Hicks, 1985) .
Epigrapsus is the most poorly known and also most divergent genus in the Gecarcinidae. It comprised three species of small body size confined to the Indo-Pacific region. Two species (E. politus Heller, 1862, and E. notatus (Heller, 1865)) are widely distributed eastward from the Andaman and Nicobar Islands, respectively (Turkay, 1974) , while the third species, E. villosus Ng, 2002 , is recently described from a single specimen from a cave on Guam (Ng, 2002) . Our current knowledge of this genus is largely confined to taxonomic descriptions and reports of occurrence, with but brief notes on their habits and ecology. Ecological information on this most distinct group of gecarcinids thus remains quite fragmentary. This study presents population data and new observations on the reproductive biology of E. notatus, focusing on a novel larval release behavior that has not been previsouly documented in the Brachyura.
MATERIALS AND METHODS
The study was conducted at Hsiangchiaowan, (218559300N, 1208499310E), Hengchun Peninsula, Pingtung County, southern Taiwan. The study area encompasses a tropical coastal forest, where E. notatus lives, bordered by the supralittoral and littoral zones toward the sea.
The behavior and population structure of E. notatus were first studied in the coastal forest from May 1998 to July 2001. Twenty-five night and 35 daytime surveys were carried out during this study period. Each survey lasted about 2 h. Surveys were carried out mostly during or after a rain, with a few surveys conducted during fair weather. The crabs were observed with lanterns at night and by turning rocks during the day. During the same period, ten surveys were conducted in the supralittoral and littoral zones to determine the timing of seaward mass movements of ovigerous females for larval release at night.
The following information was taken and recorded for each crab encountered: sex, carapace width (CW), carapace length, maximum height of the propodite of each cheliped, and abdomen width (between the fourth and fifth abdominal segments). Not all crabs were suitable for each measurement because of the loss of various appendages. Size at maturity for females was determined from the morphology of abdomen and from the smallest size of ovigerous females. After measurement, crabs were marked on the carapace with a marking pen, and released in their original habitats.
To study the timing and behavior of larval release, a 100 3 30 m rectangular portion of the supralittoral and littoral zones outside the forest was marked and monitored regularly. This area has a gently sloping profile of rugged, fossil coral reefs with many crevices and rock pools. The site is interspersed with eight surge channels, with two reaching the edge of the forest, while the others reach about halfway up in the supralittoral zone. The surge channels are bounded by precipitous cliffs up to 3 m high.
Observations The timing of larval release and the behavior of ovigerous females were observed and recorded. After ovigerous females released their larvae, the females were caught, measured and recorded as above, marked on their carapace, and released. Not all crabs were caught because some of them hid in crevices of rocks.
Fecundity data were taken from 36 migrating ovigerous females, which were placed in a plastic container with 1 L seawater for larval release. After larval release, the seawater was agitated to evenly suspend the larvae in water, and the number of larvae in two 10 mL subsamples counted to calculate total number of released larvae.
In order to understand the relationship between the reproduction of E. notatus and the climate, seasonal precipitation data were obtained from a weather station at Kenting (locality: 218569520N, 1208479390E), about 4 km from the study area, while seasonal temperature data was obtained from a weather station at Hengchun (locality: 228009200N, 1208449170E), about 13 km from the study area. Tidal data was obtained from a meteorological station at Houpihu (locality: 218569500N, 1208449140E), about 9 km away. Wave height data were obtained from a meteorological station at Chengkung (locality: 238079480N, 1218259140E), about 100 km away from the study area. This is the closest station from the study area providing wave height data.
RESULTS

Population and Behavior
Epigrapsus notatus lives in the coastal forest and is usually not encountered in open fields. Rare exceptions occur, mostly of males being outside the forest on rainy nights. In a few cases, the crabs just emerge from their burrows at night or at daytime just after a rain to scavenge leaves in the immediate vicinity of the burrow entrance, and carry them into their burrow. Most captured males are found by turning rocks in the forest. Females are more difficult to find during the survey in the forest, presumably because they remain longer in their burrows. Ovigerous females with early developmental stage eggs were never found in the forest even by turning rocks; presumably they hide deeper under ground than nonovigerous females when they carry eggs, but females can be easily found in the littoral zone during larval release period.
Adult males (average CW ¼ 30.1 6 3.7 mm (mean values 6 standard deviation), range 22.0-36.4 mm (n ¼ 47)) were significantly larger than mature females (average CW ¼ 27.0 6 3.85 mm, range 16.9-34.8 mm (n ¼ 215)) (Fig. 1) . The smallest ovigerous female found measured 16.9 mm CW (n ¼ 187). Juvenile individuals were rarely found, and the smallest crab measured 10.5 mm CW.
The size of the major cheliped (measured as height of the propodite) is much more variable in males than in females, when regressed on carapace width (Fig. 2) . This could reflect frequent cheliped loss in males, but not in females. However, males seldom fight and lose appendages in captivity. Alternatively, claw size variation may result from cheliped loss to potential predators in the coastal forest, such as the coconut crab Birgus latro (L., 1767), and the large land crabs, Gecarcoidea lalandii H. Milne Edwards, 1837; Cardisoma spp., and Geograpsus grayi (H. Milne Edwards, 1853).
Migration of Ovigerous Females
The migration of ovigerous females to the sea to release larvae can be as short as the distance from the fringe of the coastal forest to the surf, or as long as several hundred meters. Ovigerous females migrate to the shore at night, appearing in the coastal fringe about two hours before actual larval release. During their migration, females are sensitive to light and will take temporary refuge in crevices if illuminated. After females reach the surf zone, they wait 50-100 cm from the water for several minutes to several hours, presumably waiting for the larvae to be ready for hatching. Some females even remain in the surf zone until the following night before they release their larvae.
Breeding Season and Larval Release Timing
Larvae were released by E. notatus only during the months of September to October in 2002 (Fig. 3) , with about twice as many females releasing in September (n ¼ 124) than in October (n ¼ 67). All releasing females were marked in September, and none of these were recaptured in October. However, marked males have been recaptured after three months, indicating that the marking technique was effective. This suggests that E. notatus reproduces only once a year. In other years, migrating females with eggs were also found in late August (1998), early November (1999), and midNovember (2003).
The breeding season of E. notatus falls near the end of the rainy season. The rainy season in Kenting falls between May and September (Fig. 4) , with 82 percent of the total yearly rainfall of 1760 mm falling during this period in 2002. Weather frontal systems and typhoons bring heavy rains during these months. Rain is rare after September. The monthly average temperature throughout the year is above 208C, with the lowest average temperature (20.08C) occuring in January 2003. The lowest temperature was recorded at 14.78C, which occurred in December 2002.
Ovigerous females of E. notatus follow a lunar rhythm, releasing larvae starting 3-4 d after the full moon (Fig. 3) . Larval release lasted 7 d in September, but 97 percent of females released during the first 4 d; it lasted for 3 d in October 2002.
Larval release coincided with maximum and falling tides (Fig. 5) , which in turn always occurred during the first half of the night, delayed ;1 hour each consecutive day to coincide with the time of the highest tide.
Larval Release Behavior Epigrapsus notatus shows an unusual larval release behavior. When the larvae are ready to hatch, ovigerous females walk into the water, climbing down on cliffs or standing on the bottom under water. They then extend their abdomen to parallel with carapace for exposing their egg sacs. At the onset of larval release, females shake their whole body laterally very quickly. The released larvae appear along her sides and quickly surround her. The entire process of larval release lasts for 5 6 3 sec (n ¼ 6) and without any fanning motion of the abdomen.
Most females of E. notatus released larvae in shallow water a few centimeters deep, but some females walked into water up to 1 m deep. Most females retreated from water immediately after releasing larvae. Some females reentered the water again for a second round of this behavior, if during the first attempt not all larvae were liberated. Remaining unhatched eggs and empty egg cases are later eaten by the female.
Epigrapsus notatus prefer to release larvae in surge channels rather than along the exposed shore. Most females choose surge channels close to the coastal forest fringe and release larvae within the landward and middle portions of the surge channels. Very few releases were in the exposed surf zone. The average significant wave height data recorded by station is 1.23 m. However, typhoon and the northeastern monsoon wind always bring strong wave during the reproductive season of E. notatus. The wave action is weaker within surge channels than in the exposed surf zone, thereby providing a safer environment for the females. However, the newly released larvae inside surge channels always attract many predatory fish. Thus, larvae release in surge channels can bring benefits and risks for mothers and larvae, respectively.
Fecundity
The number of hatched larvae carried by females varies between 12,000 and 58,000 depending on the size of the females, with fecundity increasing with size to 30 mm CW, then falling slightly (Fig. 6 ).
DISCUSSION
The breeding season of E. notatus is unusual when compared with other gecarcinid crabs. Reproduction of land crabs may occur all year round in the tropics, but is more frequently seasonal, related to seasonality of rainfall (Wolcott, 1988) . The reproductive cycles of gecarcinids usually begin at the onset of the rainy season, as demonstrated for G. natalis (see Hicks, 1985) ; C. hirtipes (see Gibson-Hill, 1947; Shokita, 1971) ; and C. guanhumi (see Gifford, 1962) . However, the breeding season of E. notatus in south Taiwan occurs from September to October, near the end of the rainy season. Monsoon rains affect the breeding pattern of estuarine and coastal decapods in peninsular India by varying salinity, which in turn affects larval survival (Adiyodi, 1988) . Variation in salinity is unlikely to account for the unique breeding seasonality of E. notatus, because three sympatric gecarcinids, Gecarcoidea lalandii, Cardisoma hirtipes, and C. rotundum (Quoy and Gaimard, 1824), and two other grapsids occurring in the same coastal forest, all breed at the beginning of rainy season (unpublished data). The small body size and cryptic life style of E. notatus can probably limit its activity and thus affect nutrient assimilation during the dry season, which in turn may lead to the late reproduction of this species.
Two major groups can be distinguished within the Gecarcinidae based on larval morphology: one consisting of Epigrapsus, Gecarcinus, and Gecarcoidea; the other comprising the genus Cardisoma (see Cuesta et al., 2002) . The length of the breeding season is correlated with this distinction: Cardisoma species usually have longer breeding seasons than the other gecarcinids. Cardisoma guanhumi breeds from June or early July to December, with peaks in September and October in south Florida (Gifford, 1962) . Cardisoma hirtipes migrates to the sea to release larvae from June to November in Okinawa (Shokita and Shikatani, 1990) , and the breeding activity of C. carnifex (Herbst, 1794) also lasts for six lunar cycles on Aldabra (Grubb, 1971) . On the other hand, breeding activity of G. natalis on Christmas Island only lasts for two or three lunar cycles and only one is a major activity (Hicks, 1985) . The breeding season of E. notatus also only lasts for two months. The breeding season of E. politus is also short, lasting from August to October, with very few females reproducing in August (unpublished data). The burrows of G. lateralis, like those of species of Epigrapsus, do not extend down to groundwater level (Bliss and Mantel, 1968) . However, the burrows of C. guanhumi extend to groundwater and serve as water supply depots where the crab can obtain water; thus, they are less limited by surface moisture (Herreid and Gifford, 1963) . Thus, Cardisoma can extend its activity and nutrient assimilation longer than other gecarcinids at the end of rainy season. This is probably one reason why Cardisoma can have longer breeding than other gecarcinids. Morgan (1995) suggested that supratidal crabs release larvae less synchronously with the tides than high intertidal crabs. Because supratidal crabs must leave their burrows to release larvae, they are not limited to hatching during the highest tides which may occur throughout the night. However, none of the known supratidal crab species go to the surf zone for larval release for the whole night. Epigrapsus notatus release their larvae during high tide and for about three hours thereafter. Other gecardinids show similar timing for larval release. In C. hirtipes, larval release peaks about one hour after the highest tide (Shokita, 1971) . In G. natalis, movement of most ovigerous females towards the shore peaked in the morning and late afternoon. These females spent the whole day at the shore, but the time of major larval release took place only until the next morning beginning 20 min before high tide, continuing for three hours, with a peak at the time when the tide turned (Hicks, 1985) . Hines (1982) showed that the brood weight scaled isometrically with body at about 10 percent of the body weight across 20 species of Brachyura, with a high correlation, and no clear differences among families. However, in E. notatus, females with a CW of 30 mm have the highest fecundity, while larger females release fewer larvae. A similar fecundity pattern was reported in the freshwater crab, Candidiopotamon rathbunae (De Man, 1914 ) (see Liu and Lee, 2000) . In other Gecarcinidae, the number of eggs of G. lateralis ranges from 20,000 to 100,000 (Bliss et al., 1978) , while that of C. guanhumi varies from 20,000 to more than 600,000, depending on female size (Henning, 1975) . At 12,000 and 58,000 eggs, E. notatus is less fecund than these other species, but is also much smaller, and the difference in fecundity is likely the simple result of scaling.
The most unusual aspect about the reproduction of E. notatus is the manner of larval release. In Brachyura, females carry fertilized eggs attached to the abdominal appendages for varying periods of time, depending on the species and environmental conditions (De Vries and Forward, 1991) . When the eggs are ready for hatching, larvae are released into water from the abdomen. Females facilitate larval release by fanning their abdomen to and fro (Warner, 1977; Hicks, 1985; Fig. 6 . Regression between number of larvae and size (carapace width) of female (n ¼ 36). The data were separated into two groups for regression at 30 mm CW.
De Vries et al., 1991; Saigusa, 1992) . The larval release behavior of all crab species studied to date includes such fanning movements of the abdomen, with variation limited to the speed of fanning. In some intertidal species, such as Hemigrapsus sanguineus (De Haan, 1835) , hatching can last up to 3-6 hours, much longer than in terrestrial or semiterrestrial crabs (Saigusa and Kawagoye, 1997) . In the intertidal xanthids Rhithropanopeus harrisii (Gould, 1841) (see Forward et al., 1982) and Neopanope sayi (Smith, 1869) (see De Vries et al., 1991), larvae are released over a period of up to 15 min. Larval release is generally much more rapid in supratidal than in intertidal crabs. In G. natalis, all larvae are released within 20-60 sec by 2-4 episodes of vigorous body shaking and abdominal movement (Hicks, 1985) . Sesarma haematocheir (De Haan, 1833) releases larvae into estuarine waters in 3-5 sec by vigorous fanning motions of the abdomen (Saigusa, 1992) . In C. hirtipes, about 3-5 sec are required to release the larvae (Shokita, 1971) . Embryos are thought to release pheromones around the time of hatching, which induce the abdominal fanning behavior of females (Forward and Lohmann, 1983; De Vries et al., 1991) . To date the only exceptional larval release behavior in Brachyura was found in G. natalis. In this species, ovigerous females sometimes stand outside the water and drop their eggs into the water from cliffs (1-8 m high) that overlook the water (Hicks, 1985) . This unique larval release behavior can be thought of as an adaptation to life on land, to reduce the chance of females being swept away by the waves or eaten by aquatic predators. In E. notatus, ovigerous females shake their whole body laterally to release the larvae instead of utilizing fanning motions of the abdomen. The authors have found that E. notatus has totally lost its swimming ability. The unusual larval release posture of E. notatus can help reduce the impact of waves on the body of females. The legs of ovigerous females also can hold the surface of the ground better than female crabs that show the fanning movement of the abdomen back and forth. Similar larval release behavior has been found in E. politus (unpublished data). This unusually fast and vigorous larval release behavior is probably also another adaptation for life on land. This larval release behavior can help females maintain better body balance and reduce their chances of being swept away by waves. The fact that E. notatus prefers to release its larvae inside surge channels where the effects of wave action are weaker than on the exposed shore also supports this hypothesis.
